ABSTRACT A series of experiments were conducted to study the basal amounts of vitamin D-1α-hydroxylase and vitamin D-24-hydroxylase mRNA amounts in different organs and the effect of immune stimulation on 1α-and 24-hydroxylase mRNA amounts in chickens. At day of hatch, kidneys had an approximately 66-fold higher amount of 1α-hydroxylase and 550-fold higher amount of 24-hydroxylase mRNA, thigh and breast muscles had an approximately 20-fold higher amount of 1α-hydroxylase mRNA, and the thymus had an approximately 41-fold higher amount of 24-hydroxylase mRNA than the liver. An in vivo LPS injection did not alter the amount of 1α-hydroxylase mRNA in the breast muscle (P = 0.60) or in the kidneys (P = 0.39). An in vivo LPS injection decreased (P = 0.01) the amount of 24-hydroxylase mRNA in the breast muscle at 3 d post-LPS injection. An in vivo LPS injection increased (P = 0.01) the amount of 24-hydroxylase mRNA in the kidneys at 2, 3, and 6 d post-LPS injection. An in vitro stimulation altered amounts of 1α-(P = 0.01) and 24-hydroxylase (P = 0.04) mRNA in CD4 + cells.
INTRODUCTION
Vitamin D 3 , also known as cholecalciferol, is generated in the skin of animals and is the inactive form of vitamin D. The active form of vitamin D is produced in the body in a 2-step process by specific hydroxylase enzymes that have preferential tissue localization. In the first step, cholecalciferol is hydroxylated, at the 25-C position, to 25-hydroxycholecalciferol by the enzyme 25-hydroxylase in the liver. The 25-hydroxycholecalciferol is then hydroxylated at the 1-C position by 1-α-hydroxylase (P450C1) in the kidneys, yielding 1,25-dihydroxycholecalciferol, the biologically active form (Norman, 2008) . Though the kidneys are the main source of 1α-hydroxylase, extrarenal sources of 1α-hydroxylase have been identified (Barbour et al., 1981) . CD4 + cells, intestine, dendritic cells, endothelial cells, brain, mammary glands, pancreatic islets, parathyroid glands, placenta, prostate, and skin express active 1α-hydroxylase in mammals (Zhang et al., 2002; Norman, 2008; Correale et al., 2009 ) and, hence, can locally convert 25-hydroxycholecalciferol to active vitamin D.
Active vitamin D is converted into inactive calcitoric acid by the enzyme 24-hydroxylase (P450C24). In rats, 24-hydroxylase is expressed in the kidneys (Kawashima et al., 1981) , though nearly all cells express 24-hydroxylase in vivo (Omdahl et al., 2002) . The 24-hydroxylase enzyme is rate limiting for the amount of local vitamin D, and the gene that encodes 24-hydroxylase is an oncogene that contributes to tumor aggressiveness by abrogating local anticancer effects of vitamin D (King et al., 2010) .
The role of vitamin D in modulating the immune response is well studied in mammals. Epidemiological studies have associated poor vitamin D status with an increased risk of several diseases, including autoimmune diseases (Peelen et al., 2011) . In addition to being metabolized in the liver and the kidneys, vitamin D can also be metabolized by cells of the immune system, resulting in high 1,25-dihydroxycholecalciferol concentration in the local lymphoid microenvironments and thereby increasing its specific action on the immune system (Mora et al., 2008) . A lipopolysaccharide (LPS) treatment increases the 1α-hydroxylase expression in monocyte-derived dendritic cells of humans (Fritsche et al., 2003) and hence can increase the local production of vitamin D for autocrine or paracrine regulation (Segersten et al., 2002) . Local production of vitamin D has implications in the management and control of several diseases (Cross et al., 2003) .
Chicken 1α-hydroxylase is specific for 25-hydroxycholecalciferol, does not hydroxylate cholecalciferol, and is a mitochondrial enzyme (Gray et al., 1972) . The parathyroid hormone stimulates 1α-hydroxylase expression in kidneys of chickens (Fraser and Kodicek, 1973) . Estrogen treatment reduces the activity of 1α-hydroxylase (Martz et al., 1985) . Most of the studies with chicken 1α-hydroxylase have focused on renal tissue, and studies involving 1α-hydroxylase regulation in extrarenal tissues have not been conducted in chickens. This experiment was conducted to study the mRNA amounts of 1α-and 24-hydroxylase in renal and extrarenal tissues of chickens with and without an inflammatory challenge. The effects of in vitro proliferation stimulation on 1α-and 24-hydroxylase mRNA amounts of CD4 + cells were studied.
MATERIALS AND METHODS

Birds
Tissues for experiments were collected from UCD 003, a White Leghorn inbred (99.9%) chicken, maintained in specific-pathogen-free conditions. All birds were fed standard feed and maintained under standard animal husbandry conditions with ad libitum access to feed and water. All animal protocols were approved by the institutional animal care and use committee at The Ohio State University.
1α-and 24-Hydroxylase mRNA Amounts in Different Organs at Hatch
Liver, spleen, bursa, thymus, cecal tonsils, intestine, thigh muscle, breast muscle, and kidneys were collected from chicks (n = 4) on the day of hatch and frozen immediately with liquid nitrogen and stored at −80°C until further analysis for relative amounts of 1α-and 24-hydroxylase mRNA as described below.
Effect of In Vivo LPS injection on 1α-and 24-Hydroxylase mRNA Amounts
A total of sixteen 4-wk-old chicks were injected with Salmonella typhimurium LPS (#L9516, Sigma Chemicals, St Louis, MO) at 500 μg/kg of BW . As a no-LPS-injection control, tissues from three birds not injected with LPS were collected. Three birds for each time point (n = 4) were selected randomly at 1, 2, 3, and 6 d post-LPS injection, and kidneys and breast muscles were collected and frozen immediately with liquid nitrogen and stored at −80°C until further analysis for relative amounts of 1α-and 24-hydroxylase mRNA as described below.
Changes in 1α-and 24-Hydroxylase mRNA Amounts in In Vitro Stimulated CD4 + Cells
The CD4 + cells were collected from the thymus of 3 birds as described previously (Shanmugasundaram and Selvaraj, 2011) . Briefly, single cell suspension of thymic lymphocytes were concentrated by density centrifugation (400 × g; 15 min) over Histopaque (1.077g/ mL, Sigma Aldrich) and incubated with 1:100 unconjugated mouse anti-chicken CD4 (Southern Biotech, Birmingham, AL). The CD4 + cells were purified using anti-mouse IgG-coated beads (Milteni Biotech) following manufacturer's directions. The CD4 + cells (1 × 10 6 cells/well) were treated with 1:750 dilution of anti-chicken CD3 (Southern Biotech) and anti-chicken CD28 (Southern Biotech), 5 μg/mL LPS, and 1:1000 dilution of recombinant chicken IL-2 (Kingfisher Biotechnology, St. Paul, MN).
mRNA Analysis
Total RNA was collected from different organs and reverse-transcribed into cDNA (Selvaraj and Klasing, 2006) . Messenger RNA was analyzed for 1α-hydroxylase (XM_422077.2) (5′-tcgtggcaggaatacagaga-3′ and 5′-actgccacatctttgggttt-3′) and 24-hydroxylase (AF019142.1) (5′-aaaccctggaaagcctatcg-3′ and 5′-ccagtttcaccacctccttg-3′) mRNA by real-time PCR (iCycler, BioRad) using SyBr green after normalizing for β-actin (5′-accggactgttaccaacacc-3′ and 5′-gactgctgctgacaccttca-3′) or glucose-6-phosphate dehydrogenase (G6PDH) (5′-cgacgtcgtctgcgggaacc-3′ and 5′-cagctcatctgcctccgccg-3′) mRNA amounts . The annealing temperature for 1α-hydroxylase primers was 55°C, for 24-hydroxylase primers was 55°C, for β-actin was 57°C, and for G6PDH was 55°C. Fold change from the reference was calculated as 2 (Ct Sample-housekeeping) /2 (Ct Referencehousekeeping) , where Ct is the threshold cycle (Schmittgen and Livak, 2008) . The Ct was determined by the iQ5 software (Biorad, Hercules, CA) when the fluorescence rises exponentially 2-fold above background. The reference group was the liver for analyzing 1α-and 24-hydroxylase mRNA amounts in different organs at hatch, the no-LPS group for the in vivo LPS study, and the 0 d group for the in vitro CD4 + proliferation study.
Statistical Analysis
A one-way ANOVA (JMP software, Cary, NC) was used to examine the effect of LPS injection and proliferation stimulation on dependent variables. When main effects were significant (P < 0.05), differences between means were analyzed by Tukey's least squares means comparison.
RESULTS
1α-and 24-Hydroxylase mRNA Amounts in Different Organs at Hatch
The mRNA amounts of the housekeeping genes β-actin and G6PDH differed significantly (P > 0.05) between the organs; hence, the data are presented without normalizing for any housekeeping genes. Of the organs studied, the liver had the lowest amounts of 1α-and 24-hydroxylase mRNA, and the kidneys had the highest amounts of 1α-hydroxylase (Figure 1 ) and 24-hydroxylase mRNA (Figure 2) . Compared with the liver, the kidneys had an approximately 66-fold higher amount of 1α-hydroxylase and 550-fold higher amount of 24-hydroxylase mRNA, while thigh and breast muscles had an approximately 20-fold higher amount of 1α-hydroxylase mRNA, as well as a higher amount of 1α-hydroxylase mRNA than the bursa and thymus. The thymus had an approximately 41-fold higher amount of 24-hydroxylase mRNA compared with the liver and had a higher amount of 24-hydroxylase mRNA compared with the thigh and breast muscles.
Effect of In Vivo LPS Injection on 1α-and 24-Hydroxylase mRNA Amounts
The data are presented after normalizing for β-actin mRNA amounts for analyzing relative 1α-and 24-hydroxylase mRNA levels. In vivo LPS injection did not alter 1α-hydroxylase mRNA amounts in the breast muscle (P = 0.60) and in the kidneys (P = 0.39). The means (±SD) of the relative 1α-hydroxylase mRNA content of breast muscle at 0, 1, 2, 3, and 6 d post-LPS injection were 1.0 ± 0.7, 1.2 ± 0.2, 1.5 ± 0.7, 1.0 ± 0.3, and 1.2 ± 0.1, respectively. The means (±SD) of the relative 1α-hydroxylase mRNA content of kidneys at 0, 1, 2, 3, and 6 d post-LPS injection were 1.0 ± 0.3, 0.9 ± 0.3, 1.0 ± 0.4, 1.6 ± 0.8, and 1.2 ± 0.5, respectively. An in vivo LPS injection altered 24-hydroxylase mRNA amounts in the breast muscle (P = 0.01) and in the kidneys (P = 0.01) post-LPS injection ( Figure  3a,b ). An in vivo LPS injection decreased the amount of 24-hydroxylase mRNA in the breast muscle at 3 d post-LPS injection. At 6 d post-LPS injection, the 24-hydroxylase mRNA amount was not significantly different from the no-LPS-injected group. An in vivo LPS injection increased the 24-hydroxylase mRNA amount in the kidneys at 2, 3, and 6 d post-LPS injection. At 2 d post-LPS injection, 24-hydroxylase mRNA amounts were approximately 21-fold higher than in the no-LPS-injected group.
Changes in 1α-and 24-Hydroxylase mRNA Amounts in In Vitro Stimulated CD4 + Cells
The data are presented after normalizing for β-actin mRNA amounts for analyzing relative 1α-and 24-hydroxylase mRNA levels. In vitro stimulation altered 1α-(P = 0.01) and 24-hydroxylase (P = 0.04) mRNA amounts in CD4 + cells (Figure 4a 
DISCUSSION
This article describes results of a study on the relative amounts of 1α-and 24-hydroxylase mRNA in different organs of chicks in which vitamin D levels were not altered. In chicks, the kidneys had the highest amounts of 1α-and 24-hydroxylase mRNA. Among extrarenal tissues, breast and thigh muscles had high amounts of 1α-hydroxylase mRNA and the thymus had high amounts of 24-hydroxylase mRNA. The 24-hydroxylase mRNA amounts were decreased in the breast muscle and increased in the kidneys post-LPS injection. The 1α-and 24-hydroxylase mRNA amounts were altered in CD4 + cells in culture post-in vitro stimulation.
Chicken renal tissue had the highest amount of 1α-hydroxylase mRNA of the organs studied. Similarly in mammals, kidneys express the highest amount of 1α-hydroxylase activity (Zehnder et al., 2001) . In mammals, kidney 1α-hydroxylase is the major source of active vitamin D in blood (Zehnder et al., 1999) , and targeted inactivation of 1α-hydroxylase in the kidneys of mice decreased serum vitamin D (Dardenne et al., 2001) and is regulated by complex interactions between the parathyroid hormone, calcium, phosphorus, and vitamin D (Murayama et al., 1999) . Thus, the effect of renal 1α-hydroxylase activity is systemic and categorized as endocrine in mammals. Chickens with a 70-fold higher renal 1α-hydroxylase mRNA amount compared with the liver can be expected to have similar endocrine effects on serum vitamin D levels.
Contrary to endocrine effects of renal 1α-hydroxylase activity, the activity of extrarenal 1α-hydroxylase is more autocrine or paracrine in mammals (Zehnder et al., 2001) . In addition, the regulatory pathways of extrarenal 1α-hydroxylase are different than those of renal 1α-hydroxylase. Extrarenal 1α-hydroxylase is not mediated by cAMP and is less sensitive to autoregulation by active vitamin D (Hewison et al., 2000) . In chickens, breast and thigh muscles had almost one-third the 1α-hydroxylase mRNA amount of the kidneys, thus suggesting a high amount of local control of vitamin D metabolism. The chicks used in this study were 1-d-old and, hence, had a relatively smaller breast muscle than an adult bird. Future studies will determine whether breast and thigh muscles in adult birds have similarly high amounts of 1α-hydroxylase mRNA.
Whereas 1α-hydroxylase increases the availability of active vitamin D, 24-hydroxylase decreases the amount of active vitamin D (Staal et al., 1997) . In mammals, renal tissues express the highest amount of 24-hydroxy- Figure 3 . Effect of in vivo LPS injection on 24-hydroxylase mRNA amounts. Chickens were injected with lipopolysaccharide (LPS) at 500 μg/kg of BW or were not injected with LPS. Breast muscle (A) and kidneys (B) were collected from no-LPS-injected birds or from birds at 1, 2, 3, or 6 d post-LPS injection and analyzed for 24-hydroxylase mRNA amounts. Messenger RNA contents were corrected for β-actin mRNA amounts and normalized to the mRNA contents of the no-LPS group so that all bars represent fold change compared with the no-LPS group. Bars (means + SE) with no common letter (a-c) differ significantly (P < 0.05). lase (Shinki et al., 1992) . Similarly, chicken renal tissues expressed an approximately 4,000-fold higher 24-hydroxylase amount than did liver tissue. Among extrarenal tissues, the thymus had high amounts of 24-hydroxylase. The higher amount of 24-hydroxylase in the thymus or T cells could decrease the amount of vitamin D in the local environment and facilitate a better immune response, as vitamin D acts to suppress T cell immune response (Deluca and Cantorna, 2001) .
Lipopolysaccharide injection increased the amount of 24-hydroxylase mRNA in the kidneys and decreased the amount of 24-hydroxylase mRNA in the breast muscle. The differential response in the breast muscle and kidneys of 24-hydroxylase mRNA amounts most likely reflects the differences between local and systemic control of vitamin D metabolism. In other species, LPS-mediated 1α-hydroxylase upregulation and consequent vitamin D synthesis have been proposed as a negative feedback loop to downregulate inflammation, as vitamin D suppresses inflammation (Overbergh et al., 2000) . It is likely that chickens downregulate 24-hydroxylase in breast muscle rather than upregulate 1α-hydroxylase in renal tissues as a negative feedback loop to counter the effect of inflammation.
Chicken CD4 + cells temporarily downregulated 1α-hydroxylase and upregulated 24-hydroxylase postin vitro stimulation. Downregulation of 1α-hydroxylase and upregulation of 24-hydroxylase are expected to decrease the amount of active vitamin D in the local environment. Decreased vitamin D in the local environment might favor an active immune response, as vitamin D suppresses an immune response by activating T regulatory cells (Bruce et al., 2010) .
In conclusion, the distributions of 1α-and 24-hydroxylase mRNA amounts in chickens were similar to those in mammals, and an immune stimulation altered the amounts of 1α-and 24-hydroxylase mRNA in chickens.
